[1] Two sources of auroral kilometric radiation (AKR) and their development prior to and during substorms were identified from high-time-resolution spectrograms provided by Polar/PWI ac electric field observations and were investigated in connection with the auroral acceleration process. One source is a low-altitude source region corresponding to middle-frequency AKR (MF-AKR), and the other is a high-altitude source region corresponding to low-frequency AKR (LF-AKR). The former appears during the substorm growth phase in the altitude range of 4000-5000 km and is active both before and after substorm onset. A few minutes before the onset, the intensity of this source gradually increases, showing precursor-like behavior. It does not change drastically at the onset and is mostly insensitive to it. At Pi 2 onset, in contrast, high-altitude AKR appears abruptly with intense power in a higher and wider altitude range of 6000 to 12,000 km. The increase in its power is explosive (increasing 1000 times within 20 s), suggesting the abrupt growth of the parallel electric fields that cause bursty auroral electron beams. The statistically derived probability of both sources existing at substorm onset is $70%, indicating that this duality of AKR sources is a common feature of substorms. The highaltitude source and related transient acceleration at substorm onset are apparently due to (1) intrinsically local instabilities such as current-driven instabilities or (2) transient short wavelength Alfvén waves coming from the magnetosphere. The low-altitude source, which is fairly stable and insensitive to substorm onset, may belong to the global quasistatic potential distribution over the auroral oval, which involves a large-scale inverted-V structure and a quasi-steady field-aligned current. 
Introduction
[2] It has been established by sounding rocket observations [e.g., Evans, 1974; Arnoldy et al., 1974] and midaltitude polar satellite observations [e.g., Shelley et al., 1976; Mizera and Fennell, 1977] that auroral particle acceleration parallel to the ambient magnetic field exists in the upward field-aligned current region. Direct evidence of parallel electric fields in the auroral acceleration region was first reported by Mozer et al. [1977] on the basis of data from the S3-3 satellite. These observations were considered to be roughly consistent with the inverted-V particle precipitations [Frank and Ackerson, 1971] associated with the auroral arc and are probably related to the bursty precipitation during a substorm. ISEE observations suggested that the microprocesses of the auroral acceleration region are caused by ion wave activities [e.g., Mozer et al., 1987; Cattell et al., 1991] . Recent observations from the Polar and Fast Auroral Snapshot (FAST) satellites revealed detailed characteristics of the parallel electric fields, accelerated particle spectra, and background plasma distributions around the upward field-aligned current region [e.g., Mozer and Hull, 2001; Ergun et al., 2004, and references therein] . These observations suggest that the parallel electric fields are concentrated in at least two locations (high-altitude E // and low-altitude E // ) from about 0.5 to 2 R E in altitude along the magnetic field lines . The latitudinal extent of these fields was thought to range from 30 to 300 km . On the basis of the Polar and FAST observations, models of the potential distribution around the upward current region were presented by Mozer and Kletzing [1998] and Ergun et al. [2002] .
[3] These observations and models greatly advanced the understanding of quasi-steady auroral particle acceleration. However, because the spacecraft measurements of fields and particles were in situ, the spatial distribution of the parallel electric fields was necessarily restricted to a statistical one based on accumulated long-term observations. The dynamics and development processes of the field-aligned potential during substorms thus remain unclear.
[4] On the other hand, it is well known that auroral breakup is a sudden acceleration phenomenon of auroral particles accompanying tail-current disruption and its westward motion. A critical issue in advancing our understanding of the dynamical auroral acceleration processes is determining whether the sudden particle acceleration at substorm onset is a local development from a preexisting quasi-steady acceleration region or a newly formed acceleration region above the breakup aurora.
[5] Auroral kilometric radiation (AKR) is believed to emanate from accelerated auroral electron beams through wave-particle interactions at a frequency close to the local electron cyclotron frequency [e.g., Pritchett et al., 2002, and references therein] . The source region of AKR has thus been considered to be almost identical to the auroral particle acceleration region [e.g., Morioka et al., 1981] . This speculation was confirmed by direct observations by FAST, which showed that the AKR source region coincides with the auroral low-density acceleration region, where both precipitating electrons and upgoing ion beams are observed [Ergun et al., 1998; Ergun et al., 2000; Pottelette et al., 2001] . Thus AKR is the only auroral phenomenon that provides information on the vertical structure of the acceleration region, and one can derive the dynamic processes of the magnetosphere-ionosphere (M-I) coupling region from remote observation of AKR.
[6] AKR shows abrupt frequency expansion into both higher and lower frequencies at substorm onset [Kaiser and Alexander, 1977; Morioka et al., 1981; Liou et al., 2000; de Feraudy et al., 2001; Hanasz et al., 2001] . Hanasz et al. [2001] and de Feraudy et al. [2001] considered that this frequency expansion indicates the AKR source development along the auroral magnetic field line and estimated the expansion velocity of the AKR source region from the frequency drift rate. The low-frequency component of AKR (typically tens of kHz) has been studied in terms of isolated AKR (ITKR [Steinberg et al., 1988 [Steinberg et al., , 1990 ), different types of AKR (LF burst [Kaiser et al., 1996; Desch and Farrell, 2000] ), and Alfvén wave excitation in the plasma cavity (LF-AKR [Olsson et al., 2004] ). It has generally been agreed that the low-frequency component of AKR is accompanied by substorm onset almost without exception [e.g., Anderson et al., 1997 Anderson et al., , 1998 ]. Liou et al. [2000] suggested that the expanded frequency range of AKR corresponds to a source altitude of $2100 to 12,000 km, which is in good agreement with the distribution of the quasi-static electric field and plasma cavity along auroral field lines. Janhunen et al. [2004] and Olsson et al. [2004] have suggested that dot-shaped LF-AKR (''dot-AKR'') ] is produced by Alfvénic wave acceleration process in the preexisting low-altitude cavity region.
[7] In this paper, we have examined the development of the auroral acceleration region during substorms by using high-time-resolution dynamic spectra of AKR provided by Polar plasma wave instrumentation (PWI) observations [Gurnett et al., 1995; Menietti et al., 1998 ]. The frequency expansion of AKR is a typical manifestation of the sudden development of the acceleration region at the time of auroral breakup. We focused on (1) the dual structure of the acceleration regions, (2) the rapid development of the acceleration at the time of substorm onset, and (3) the precursor-like behavior of the low-altitude acceleration region immediately before onset.
AKR and Substorm Onset
[8] Figure 1 shows 2-hour dynamic spectrograms of AKR observed by the Polar/PWI in the frequency range from 30 to 800 kHz on 22 January 1997 (top) and 7 January 1997 (bottom). The spacecraft on both days was in the nightside polar magnetosphere (7.8 -6.2 R E , 65.7 -43.7°MLAT, and 3.6-4.4 hours MLT on 22 January and 4.8-7.0 R E , 27.9-54.9°MLAT, and 18.8 -19.5 hours MLT on 7 January). Geomagnetic Pi 2 pulsation data observed at a low-latitude station, Kakioka (magnetic latitude: 21.83°), are shown at the bottom of each spectrogram. Pi 2 pulsation has been considered to indicate substorm onset [e.g., Saito et al., 1976] , although Liou et al. [1999 Liou et al. [ , 2000 reported that Pi 2 pulsation is often ambiguous, with accuracy less than 1 min, to determine substorm onset. Figure 1 (top) shows that AKR was active in the 300 to 600 kHz band throughout the presented period. In this band, sudden spectral enhancements occurred that expanded to a lower frequency whenever Pi 2 pulsations broke out. The magnetic activity on this day was quiet, and the maximum auroral electrojet (AE) index during the presented 2 hours was 172 nT. However, Pi 2 pulsations were frequently observed, indicating multiple small substorms. Note that the break-out of large amplitude Pi 2 pulsation at around 15:44 was also confirmed to be simultaneous with a small AKR expansion by means of an expanded spectrogram (not shown). These correspondences between the spectral expansion of AKR and the break-out of Pi 2 confirm that AKR spectrum expansion occurs simultaneously with substorm onset or pseudo-breakup. Every frequency expansion to lower frequencies at the time of Pi 2 was down to at least 100 kHz on 22 January. On 7 January (Figure 1, bottom) , a large substorm occurred around 1200 UT with a maximum AE of 773 nT. The onset of a Pi 2 pulsation at 1152 UT was simultaneous with the sudden expansion of the AKR spectra down to 30 kHz, forming so-called ''LF-AKR.'' In addition to the LF-AKR burst, the main AKR band broadened into a wide frequency range to about 100 to 800 kHz, while the spectral band was about 200 to 500 kHz before the onset.
[9] The higher frequency component of AKR (hereafter called ''MF-AKR'' in this paper because the frequency of the AKR is in the ''MF band'') seems to persist before, during, and after substorm onset. On the other hand, the lower-frequency component of AKR temporally appears with a sudden frequency expansion accompanying the Pi 2 pulsations. In this paper, we designate this AKR component showing a sudden frequency expansion to a lower frequency (even though it does not reach the so-called ''LFband'' in the definition of electromagnetic radio waves) as ''LF-AKR.'' The relationship between these two compo-nents of AKR is interesting; does the LF-AKR source region simply develop from the preexisting MF-AKR source region along the field line, or does the LF-AKR source develop independently of the MF-AKR source? The development of these AKR sources is critical to understanding the evolution of parallel electric fields and auroral particle acceleration during substorms.
[10] Polar/PWI provides high-time-resolution spectral data every 2.352 s, enabling us to resolve the detailed evolution of the AKR source region along the auroral field lines. Figure 2 shows a 30-min high-time-resolution electric field spectrogram with intensity contours for 7 January 1997, which corresponds to the period of the LF-AKR burst in Figure 1 (bottom). This expanded spectrogram reveals three interesting characteristics: (1) the LF-AKR intensification at the onset of Pi 2 pulsation was not an evolution from a preexisting MF-AKR source but comes from a new source region, (2) the newly generated LF-AKR showed explosive growth with little frequency drift, and (3) the MF-AKR showed a precursor-like evolution immediately before the LF-AKR onset. These three newly identified characteristics of AKR are examined below.
Dual Structure of AKR Source Regions
[11] The colored/contoured spectrogram in Figure 2 shows that the abrupt LF-AKR appeared simultaneously with the Pi 2 onset at about 1152 UT, overlapping the preexisting MF-AKR band (300-500 kHz). The evolution of this new LF-AKR, which extended into a wide frequency range of 30 to 150 kHz, was evidently independent of the MF-AKR and had significantly greater intensity than the MF-AKR. In a typical case, LF-AKR showed isolated spectra, the same as for the ''dot-AKR'' of de . This fact that the MF-AKR and LF-AKR developed independently is important evidence indicating that the LF-AKR source does not evolve from a preexisting AKR source region but grows independently at a different altitude. The altitude range of AKR source can be estimated from its frequency band when the AKR is assumed to emanate at the local electron cyclotron frequency, f c , along auroral field lines. The right ordinate of Figure 2 indicates the AKR source altitude assuming the f c along the auroral field line with an invariant latitude (ILAT) of 70°. Since the f c is not sensitive to the invariant latitude in the polar region, the estimated AKR altitude is valid for discussion even when the auroral field line of interest is not exactly ILAT = 70°. Thus the source altitudes of MF-and LF-AKR in Figure 2 can be estimated to be approximately from 3000 to 5000 km and from 8000 to 18,000 km, respectively.
[12] Another example spectrum is shown in Figure 3 . Hereafter, the vertical axis of spectrograms is given in terms of the height of f c along the ILAT = 70°field line to indicate the altitude distribution of the AKR source. That is, the spectrograms are shown upside down. Figure 3 illustrates the distinctly separate distribution of the two AKR sources during a substorm. The MF-AKR source appeared about 13 min before Pi 2 onset at altitudes of 3000 to 5000 km on 21 January 1997. After the Pi 2 onset at around 1429 UT, the MF-AKR intensity increased more than 100 times. The LF-AKR source appeared abruptly at Pi 2 onset at about 10,000 km altitude, and its intensity was more than 1000 times the background level and also was more intense than MF-AKR. The periodic structures at around 16,000 and 13,000 km (corresponding to about 40 and 60 kHz, respectively) here and in all of the spectrograms are instrumental interference artifacts. The distribution of the substorm-associated LF-AKR source was greatly separated from that of the preexisting MF-AKR source. The second substorm and related Pi 2 pulsation started at around 1437 UT, which was confirmed from auroral zone magnetograms of the 210°MM chain [Yumoto and 210°MN Magnetic Observation Group, 1996; Yumoto, 2001] . At this time, the LF-AKR source region expanded downward. The MF-AKR source showed little response to this abrupt intensity variation of the LF-AKR. Such insensitivity of the MF-AKR source to substorm onset is often observed.
[13] The different spectral features and separated sources between MF-and LF-AKR shown in the two examples above indicate that dual separate source regions form during a substorm: the low-altitude (MF-AKR) source region, which appears prior to substorm onset, and the high-altitude (LF-AKR) source region, which abruptly forms at substorm onset. The intensity variation of these two AKR sources is also contrastive. The intensity of the low-altitude AKR is continuous and rather less variable, whereas the highaltitude AKR is intermittent with large intensity.
[14] These dual AKR sources associated with substorms are not unusual. We investigated AKR spectrograms for two months, December 1996 and January 1997, with respect to substorm onsets. The substorm onsets were identified by Pi 2 pulsation onset observed at a low-latitude station, Kakioka. We identified 92 associations between AKR and Pi 2 pulsations during this period. The 92 AKR spectrograms showed two types of source evolution at the time of substorm onset. One type (see Figures 4b and 4c) is characterized by the buildup of a new source region at a higher altitude, as illustrated in Figures 2 and 3 . In this case, the preexisting lower altitude source (Figure 4a ) is sometimes enhanced (Figure 4b : dual sources) but sometimes is Figure 4d) . A statistical study showed that 64 of the 92 events (69.5%) were either dual-source or widesource. This indicates that the appearance of a new AKR source region on a higher-altitude auroral field line is a common feature at substorm onset.
[15] The auroral activity observed on the ground was compared with the AKR dynamics. Figures 5a and 5b show a keogram of the Meridian Photometer Array (MPA) data (l = 558 nm) at Rankin (MLAT = 70.9°) and Gillam (MLAT = 64.5°) for a 1-hour period on 12 January 1997. The data were provided by NORSTAR/Canada [Donovan et al., 2003 ]. The auroral arc, which had been located at around the zenith of Gillam, intensified in brightness and began to move equatorward at around 0725 UT. The equatorward excursion continued until 0742 UT, showing the growth phase signature. During the excursion, the arc showed a small expansion which seems to be a pseudo-breakup, at 0728 UT. A bright poleward expansion occurred at around 0742 UT, which was the beginning of a series of substorms whose maximum AE index reached 1133 nT at 0819 UT. After the substorm onset, the auroral activity covered all the sky of Gillam, and, at around 0800 UT, a second large expansion occurred. Its poleward edge passed over the zenith of Rankin. Figure 5c shows the AKR spectra seen from the Polar satellite. The three thin bars along the top indicate the commencements of LF-AKR, which were accompanied by Pi 2 pulsation onsets (confirmed by CARISMA Magnetometer data (not shown)). Almost simultaneously with the activation and equatorward excursion of the auroral arc at around 0725 UT, a lowaltitude AKR source appeared in the altitude range of 3000 to 5500 km (corresponding to a frequency range of 500 to 250 kHz). The three LF-AKR commencements were almost concurrent with the small expansion of the auroral arc at 0728 and the poleward expansions at 0742 and 0759 UT, respectively. This relationship between the auroral arc dynamics and the AKR source features strongly suggests that low-altitude AKR is related to the auroral arc in the growth phase of a substorm and that high-altitude AKR is related to the bright auroral breakup at substorm onset.
Explosive Growth of High-Altitude AKR Source
[16] The high-altitude AKR source often showed explosive growth at substorm onset, as seen in Figure 2 . Figure 6 shows intensity profiles of the LF-AKR frequency band. The three examples (for 4, 7, and 8 January 1997) illustrate explosive growth exactly coinciding with Pi 2 onset. The expanded profiles in the bottom panels cover 3 min each. Because we used the data from the PWI z-axis antenna, the observed AKR signals were free from satellite spin modulation. It is remarkable that the intensity of the high-altitude AKR grew up explosively up to 1000 times in about 10 s (or within 20 s at most). The shortest timescale of auroral breakup and/or substorm onset hitherto reported is tens of seconds [Samson, 1998; Friedrich et al., 2001] . Friedrich et al. [2001] claimed, based on meridian-scanning photometer observations, that the substorm expansive phase comprises three stages, with the first one being an explosive onset with a scale of tens of seconds. The present AKR growth may even be one of the most rapid timescales of substorm onset or it may be the most rapid one. This fast growth of highaltitude AKR means fast development of the auroral acceleration region at substorm onset. The horizontal extent of this abruptly built-up acceleration region is apparently restricted to a narrow area on the auroral arc because extremely coherent AKR development in a short time period can be achieved only when the generation region is confined. If the source region was distributed over the longitudinally extended auroral arc, the observed intensity profile would show a rather irregular rise with a somewhat longer duration because the radio emissions observed by the Polar satellite would be the accumulation of widely distributed and individually grown radio sources. [17] Figure 7 shows an expanded 2-min spectrogram corresponding to the event of Figure 6 (left), which shows the fine evolution of the AKR source region along the auroral field lines. Between 1546:45 and 1547:10 UT, the AKR from 70 to 300 kHz (corresponding to 12,000 km down to 5000 km) increased dramatically. It should be noted that the initial development of the high-altitude AKR source did not show a systematic drift motion but was characterized by the assembly of discrete AKR patches (this characteristic is also evident in Figure 2 ). These patchy and fine structures of the high-altitude AKR imply that the AKR source is not due to systematic growth from a core source region at a certain altitude but is due to random growth of many small sources at various altitudes.
Precursor-Like Evolution of Low-Altitude AKR Source
[18] As mentioned in section 2, low-altitude AKR sometimes shows precursor-like evolution immediately before the onset of high-altitude AKR. A typical example of this is shown in Figure 2 . About 7 min before the onset of the high-altitude AKR, the intensity of the low-altitude AKR began to increase gradually in the 3000 to 5000 km range and reached maximum intensity at around the onset of the high-altitude AKR. Apparently, the gradual intensification of low-altitude AKR leads to the onset of high-altitude AKR and a substorm. This precursor-like low-altitude AKR was not always observed but sometimes appeared as a favorable manifestation of a substorm precursor. Two other examples are shown for two 30-min period in Figure 8 . The upper panel shows that the low-altitude AKR, with a central altitude of 7000 km, increased at about 1435.5 UT on 8 January 1997, and the onset of the high-altitude AKR started 2.5 min later at around 1438 UT in the altitude range of 10,000-16,000 km. The lower panel shows that the lowaltitude AKR centered at 5000 km began to gradually increase at about 1545 UT on 12 January 1997, prior to the onset of the high-altitude AKR (7000 -10,000 km) at around 1546 UT. In these three cases, the increase of lowaltitude AKR preceded the onset of high-altitude AKR by an interval of one to a few minutes. This short interval cannot be attributed to the so-called ''substorm growth phase'' which usually continues for 30 to 60 min before substorm onset [McPherron, 1970] . Of particular interest is that the characteristics of the AKR precursor are morphologically very similar to those of the ''explosive growth phase'' of the tail current evolution described by Ohtani et al. [1992 Ohtani et al. [ , 2000 . Friedrich et al. [2001] used the term ''precursor'' for the intensification of auroral green and red emissions that appear a few minutes prior to their poleward expansion. This auroral precursor may be consistent with the present AKR evolution.
Discussion
[19] Using high-time-resolution spectrograms provided from Polar/PWI observations, we have demonstrated the dual structure of AKR source regions and their development prior to and during substorms. The derived dynamics of the AKR source regions will improve the understanding of the auroral acceleration process and its development during substorms.
[20] Figure 9 summarizes the present observations. Figure 9 (top) shows the altitude versus time display of the AKR source regions. There are two distinct source regions: the low-altitude one corresponding to MF-AKR and the high-altitude one corresponding to LF-AKR. The middle panel schematically illustrates the evolution of the Figure 7 . Short-term development of a high-altitude AKR source along magnetic field lines. The periodic structures at around 16,000 and 13,000 km (corresponding to about 40 and 60 kHz, respectively) are instrumental interference artifacts.
A06245
MORIOKA ET AL.: DUAL STRUCTURE OF ACCELERATION REGIONS auroral arc in the dusk to midnight sector. The gradual equatorward excursion of the auroral arc corresponds to the growth phase of a substorm. The small-scale poleward expansion of the arc represents a pseudo-breakup and the sudden poleward expansions of the arc indicate the substorm onsets. Figure 9 (bottom) shows the occurrences of Pi 2 pulsations observed at a low-latitude station; they correspond to the onsets of a pseudo-breakup and two substorms. The time span of Figure 9 is roughly 2 hours. The lowaltitude AKR source appears at the beginning of the substorm growth phase, in the 4000 -5000 km range, and remains active during the substorm. The coincidence between the auroral arc excursion and the low-altitude AKR appearance suggests that the low-altitude AKR emanates from a longitudinally distributed acceleration region above the auroral arc. A few minutes before the substorm onset, the low-altitude AKR begins to gradually increase in intensity, showing precursor-like behavior. However, it does not change drastically at substorm onset; it is mostly insensitive to the onset. At onset, high-altitude AKR appears with a sudden and dramatic increase in power in a higher and wider altitude range, from 6000 Figure 8 . Precursor-like evolution of the low-altitude AKR source. The vertical arrows indicate the onset of Pi 2 pulsations; the horizontal arrows indicate the time period of the precursor before the breakout of the high-altitude AKR. The color code of the AKR intensity is the same as in Figure 7 . The periodic structures at around 16,000 and 13,000 km (corresponding to about 40 and 60 kHz, respectively) are instrumental interference artifacts.
A06245 MORIOKA ET AL.: DUAL STRUCTURE OF ACCELERATION REGIONS to 12,000 km, associated with the Pi 2 pulsation. The high-altitude source usually evolves independently of the low-altitude one. However, it seems that a preexisting low-altitude source is a necessary condition for the generation of a high-altitude one.
[21] There are many theories for the generation of a fieldaligned potential distribution proposed so far [Borovsky, 1993, and references therein] . They can be roughly classified into two categories: (1) self-consistently formed electrostatic potential (stable), and (2) temporal buildup of the field-aligned acceleration due to the current-driven instability or the dispersive Alfvén waves (dynamic). The theories for a self-consistent solution of the electrostatic potential are based on the anisotropic magnetospheric plasma distribution in the M-I coupling region and describe a potential structure such as quasi-static double layers [e.g., Block, 1972] , electrostatic shocks [e.g., Swift, 1975] , and a magnetic mirror process [e.g., Chiu and Schulz, 1978] . These models predict a global and quiescent quasi-static electric potential distribution between the ionosphere and magnetosphere. The low-altitude AKR source, which is fairly stable and insensitive to substorm onset, could be explained by these models in connection with a large-scale inverted-V structure in the quasi-static field-aligned current region surrounding the auroral oval. Chiu and Schulz [1978] and Chiu and Cornwall [1980] demonstrated a self-consistent electrostatic field distribution for certain conditions in the magnetosphere-ionosphere (M-I) coupling region. The calculated parallel electric field distribution along the auroral field line showed an intense field distribution around 4000 km. This is somewhat consistent with the present observation of a low-altitude AKR source.
[22] The theories for the temporal growth of plasma waves along the auroral field lines are fairly suitable for explaining transient auroral acceleration and bursty highaltitude AKR at substorm onset. The rise in intensity of the observed high-altitude AKR was explosive as mentioned above; its power increased 1000-fold with a buildup time less than 20 s, suggesting the abrupt growth of the parallel electric fields resulting in an auroral electron beam. This steep and coherent rise of the high-altitude AKR also suggests that the acceleration related to the auroral breakup takes place in a horizontally closed area above the auroral arc. Such transient and confined acceleration could be achieved by means of the intrinsically explosive instabilities. For example, plasma wave instabilities in the fieldaligned current region may cause anomalous resistivity [e.g., Kindel and Kennel, 1971; Papadopoulos, 1977] . The height distribution of the unstable region for the current-driven instability was roughly estimated by Morioka et al. [2005] using the empirical plasma density model above the auroral region. They suggested that the unstable region is distributed with a peak altitude at around 12,000 to 15,000 km. This is consistent with the location of the highaltitude AKR source region. The fine high-time-resolution LF-AKR spectra showed that small and patchy AKR sources appeared first along the auroral field line and then developed into a widely distributed source region, as seen in Figures 2 and 7 . One interpretation of this feature is that there are multiple potential structures along the auroral Figure 9 . Schematic illustration of the dual structure of AKR sources, showing (top) the dynamical distribution of AKR sources during the growth and expansion phase. AKR sources are composed of quasi-steady low-altitude AKR sources and bursty high-altitude AKR sources. Also shown are (middle) the auroral oval evolution across latitudes during a substorm and (bottom) Pi 2 pulsations corresponding to substorm onsets. field lines caused by sporadically grown local anomalous resistivities.
[23] Another interpretation of the strong buildup of the field-aligned potential is that two-stream current instability leads to the generation of microscopic double layers of several Debye lengths. Goldman et al. [2000] and Newman et al. [2001] showed that an electron beam accelerated in the ramp potential structure produces a series of propagating electron holes via spatial two-stream instability. These electron holes have been detected in AKR source regions from the FAST observations and have been discussed in relation to the AKR fine structures [Menietti et al., 2000; Pottelette et al., 2001; Pottelette and Treumann, 2005] . This process may also be consistent with the high-altitude acceleration, although the acceleration characteristics, such as the preferable occurrence altitude and its range in the M-I coupling region, have not been clarified in the simulation study.
[24] Dispersive Alfvén waves [Lysak and Lotko, 1996; Stasiewicz et al., 2000 , and references therein] have been remarked to be an effective acceleration process of the auroral particles since their properties were first discussed by Hasegawa [1976] . This is because they can induce a parallel electric field along the magnetic field lines in both cases when their dispersion characteristics are kinetic or inertial. Janhunen et al. [2004] and Olsson et al. [2004] discussed the relationship between plasma cavity formation and Alfvénic acceleration. They claimed that transient Alfvén waves below 2 Hz trigger electron acceleration in the pre-existing auroral cavity at a radial distance of 2 -3 R E resulting in dot-AKR. In the present observation we showed that the break-out of the high-altitude AKR was always accompanied by Pi 2 pulsation. This implied that the Pi 2 waves are possible candidate to accelerate auroral particles. If this is the case, downward Pi 2 waves with a relatively higher frequency component, which cover a rather wide latitudinal range (L > 5.5) [e.g., Yumoto, 2001] , are selectively converted into dispersive Alfvén waves along the auroral field line, i.e., in the auroral density cavity [Génot et al., 2000] .
[25] The precursor-like enhancement of the low-altitude AKR source that appears immediately before substorm onset suggests a scenario in which the precursor induces subsequent rapid growth of the high-altitude AKR and simultaneous substorm onset. If the large-scale field-aligned current begins to increase in the feedback system between the magnetosphere and ionosphere [e.g., Watanabe and Sato, 1988; Kan, 1988; Watanabe et al., 1993; Akasofu, 2003] , the large-scale electric field would be intensified on the basis of Knight's relation [e.g., Knight, 1973; Lyons, 1981; Sakanoi et al., 1995] , and the low-altitude AKR (precursor-like MF-AKR) would be enhanced in a precursor-like manner. The increasing field-aligned current would prompt local current-driven instabilities in the higher altitude region where the current-carrying electrons show the maximum velocity along the auroral field line. Thus an anomalous resistive region and/or a multiple-potential structure suddenly builds up along the auroral field lines and it accelerates the auroral electrons, resulting in bursty highaltitude AKR and auroral breakup. In this context, this scenario necessarily leads to a consequence that the final ignition of the substorm exists in the M-I coupling region.
[26] Mozer and Kletzing [1998] and Ergun et al. [2002] proposed statistical models for the large-scale potential distribution that are based on accumulated observations from the Polar and FAST satellites, respectively. The results of both show that there are two types of electric fields, highaltitude E // and low-altitude E // , in the upward field-aligned current region. It is difficult, however, to simply compare their results with the present results because their analyses were essentially statistical ones based on long-term observations, so the temporal behavior of E // is out of the discussion. The present analysis, in contrast, did examine the dynamics of field-aligned electric fields at substorm onset.
[27] Akasofu [1964] and Lui and Murphree [1998] showed on the basis of ground-based auroral observations that substorm initial brightening starts at a point in the preexisting auroral arc. On the other hand, Lyons et al. [2002] claimed that an auroral breakup does not generally occur along one of the preexisting arcs but instead occurs along a thin breakup arc that forms equatorward of all growth phase arcs a few minutes prior to onset. These auroral arc dynamics are strongly connected to the development of the quasi-steady low-altitude sources and temporal high-altitude sources we have described. However, the connection between the development of the acceleration region and the dynamics of the horizontal auroral arc can not be discussed here because the characteristics of the acceleration region derived from AKR are restricted to those of the vertical structure; there is no information on their horizontal structure and dynamics. Combining groundbased auroral observations with conjunctive AKR observations remains for future work.
Conclusion
[28] The vertical structure and its dynamics of the AKR source region prior to and during a substorm were investigated using the Polar/PWI data. Dual AKR sources at substorm onset were identified: a low-altitude one and a high-altitude one. The low-altitude source appears in the substorm growth phase at 4000 to 5000 km, and its intensity increases a few minutes prior to substorm onset. The highaltitude source abruptly appears at substorm onset in the altitude range of 6000-12,000 km with a remarkably fast growth rate. These AKR features at substorms were discussed in relation to the development of the auroral acceleration region. It was suggested that the low-altitude AKR source is related to the large-scale inverted-V acceleration region that would be generated through the self-consistent distribution of the magnetospheric plasma in the M-I coupling region. The high-altitude AKR source which is an indicator of a substorm onset would be generated from the local field-aligned acceleration due to the current-driven instability or the Alfvénic acceleration caused by substormassociated short wavelength Alfvén waves.
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